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In this paper, we demonstrate a biofunctional subwavelength photonic platform capable of real-time biomolecule detection. Our scaffold consists of a subwavelength semiconductor waveguide coated with functional lipid membranes that serves as a matrix for the biomolecule receptor species. This bio-nano platform offers several unique capabilities:
(1) o This optical scaffold enables biomolecules t be anchored within the evanescent field for all-optical biomolecular sensing.
(2) The propagating evanescent field of the subwavelength optical waveguides allows highly-efficient real-time optical monitoring (i.e., spectroscopy) of the biomembranes. (3) The waveguides can be integrated into polymeric flow cells for rapid membrane fusion and removal; allowing full reusability of the optical surface of the waveguides. Our manuscript reports a novel subwavelength photonic platform that provides a seamless and natural interface between solid inorganic optical materials and soft, biological membranes. Due to their compact probe volumes (sub-femtoliter), reusability, and ability to use various optical sensing modalities, these biofunctional waveguides provide an ideal portable photonic architecture for biomolecular screening and sensing, both in situ and ex itu. s
We believe that the results presented in this work would be interesting to the nanoscience research community and to the researchers in the wider biosensing and biomembrane ommunities; as these highly efficient portable detection platforms could be used for edical diagnostics, environmental monitoring and pathogen detection applications.
c m functionalizing an active sensing element with target receptors. Non-fouling properties of the lipid membrane also enable efficient rejection of non-specific interactions. 1 The ease of fabricating a continuous lipid membrane by vesicle fusion is well documented. 3, 5, 6 This process allows efficient formation of a bilayer on a wide variety of support materials, 3 geometries, 7 and curvatures 8 in a matter of seconds to minutes. It is also extremely flexible in producing membranes with various chemical compositions. For example, membranes containing charged phospholipids, glycolipids, and membrane-linked or membrane-embedded proteins can be created under virtually the same synthetic conditions. 9, 10 These characteristics make lipid membranes an ideal environment for integration with subwavelength optical components.
The next generation of ultra-sensitive optical biosensor strategies has to rely on materials and structures that can efficiently deliver photons to a small probing area.
Recently, Craighead and co-workers demonstrated single molecule spectroscopy using lipid membrane coated zero-mode waveguides. 11 Although volume confinements can reach the zeptoliter (10 -21 L) range, enabling single molecule analysis at biological concentrations, the non-propagating optical field makes simultaneous readouts and multiplexing difficult. High aspect ratio (> 10 3 ) subwavelength semiconductor nanowires 12 represent an alternative class of materials that can support a propagating optical wave for spectroscopic analysis, and can sustain single inputs for manifold analyzers. Tin dioxide (SnO 2 ) nanowires are one example of a one-dimensional semiconductor waveguide that has subwavelength rectangular cross-sections ranging from 100 to 400 nm. These dimensions allow up to 30% of the confined optical energy to travel outside the waveguide in the surrounding cladding which offers a unique platform for designing miniaturized optical sensors. In fact, the optical power residing near the surface of these subwavelength optical cavities, also known as the evanescent field, is sufficient enough to carry out complementary spectroscopic techniques, such as fluorescence, absorption, and surface enhanced Raman spectroscopy (SERS), on femtoliter probe volumes passing through the evanescent field. 13 Here we describe a versatile generalized strategy for biocompatible functionalization of These results demonstrate the possibility of encoding nanophotonic materials for biochemical detection and lay the groundwork for all-optical in situ biological monitoring.
We chose to use single-crystalline tin dioxide (SnO 2 ) nanowire waveguides as the subwavelength optical cavities because of their exceptional combination of optical, mechanical and structural properties that enable simple device integration. SnO 2 is a wide band gap semiconductor (E g = 3.6 eV, 344 nm) and a transparent metal oxide with a refractive index (n) of 2.1 (for visible wavelengths), making it ideal for optical confinement within the visible and near ultraviolet frequency ranges. 14 This causes a weaker signal due to fewer lipid molecules adhering between the waveguide and cavity. The SnO2 waveguides are extremely flexible (note the slight curvature in the image plane) and a strong liquid pulse can release the waveguide from the glass to allow complete bilayer coverage (see Figure 3c ).
The use of amphiphilic solvents such as detergents or alcohols is a reliable means of removing the lipid bilayer from the waveguide and restoring the initial optical surface. We were able to remove the lipid bilayers from the waveguide by passing a short pulse of pure Lipid membranes are excellent scaffolds for embedding or tethering biological molecules using anchors such as membrane proteins or modified lipids. We used this approach to anchor a short DNA oligonucleotide (21 nucleotide recognition sequence, T ethanol through the fluid cell ( Figure 3c ). The alcohol quickly desorbs the lipid membrane in < 1 second and returns the fluorescence intensity to background levels. Using this protocol, membranes can be rapidly exchanged with a solution pulse train consisting of lipid vesicles, pure buffer, and alcohol. This membrane exchange procedure is robust and can be repeated multiple times (Figure 3d ) without any degradation of the waveguide device. Significantly, the composition of the membranes can be changed during these exchanges, providing an additional flexibility for the waveguide chemical modification.
Strong acids (e.g. aqua regia solution) can also be used to strip off any contaminants residing on the optical surface after repetitive experimental runs. We have repeatedly cleaned the SnO2 surface with a solution containing 1 part concentrated hydrochloric and nitric acid (ratio of 1:3) to 3 parts water without noticing any decrease in the optical performance of the waveguide. 5 spacer) modified with a 3' cholesterol tail to the bilayer. 17 It is important to note that we did not observe any fragmentation of the DNA strands during vesicle preparation (see Figure S2 , Supporting Information,); therefore we assume that after the insertion of the cholesterol tail into the hydrophobic core of the lipid bilayer, the DNA protrudes into the hydrophilic vesicle core or into the surrounding aqueous medium outside the vesicle (Figure 4a ). The data shows an ~ 40% decrease in intensity upon salt addition and ~ 300% increase after cDNA is injected into the solution. The decrease is well documented for PicoGreen in NaCl solutions. Spectra are normalized so that the cDNA peak is 1. (c) Two intensity time courses showing hybridization of the target cDNA strands with the probe DNA anchored in the supported lipid membrane. The top (red) and bottom (black) time axes correspond to the red and black traces, respectively. The flow rate was kept below 1 mL/hr for ~ 20 seconds prior to annealing to ensure complete bilayer formation and to remove unanchored probe DNA. There is an average of 1.8-2.5x increase in the fluorescence intensity after the target strand encounters the lipid bilayer. Time courses are normalized so the peak integrated intensity is 1. The optical images are single snap shots taken from a time course; (1) during bilayer formation and (2) after annealing. Scale bar is 10 μm.
The inverted laser scanning confocal microscope imaged the unsealed devices using the 
